Quinones play a key role as primary electron acceptors in natural photosynthesis, and their reduction is known to be facilitated by hydrogen bond donors or protonation. In this study, the influence of hydrogen-bond donating solvents on the thermodynamics and kinetics of intramolecular electron transfer between Ru(bpy)3 2+ (bpy = 2,2'-bipyridine) and 9,10-anthraquinone redox partners linked together via one up to three p-xylene units was investigated. Addition of relatively small amounts of hexafluoroisopropanol to dichloromethane solutions of these rigid rod-like donor-bridge-acceptor molecules is found to accelerate intramolecular Ru(bpy)3 2+ -to-anthraquinone electron transfer substantially because anthraquinone reduction occurs more easily in presence of the strong hydrogen-2 bond donor. Similarly, the rates for intramolecular electron transfer are significantly higher in acetonitrile/water mixtures than in dry acetonitrile. In dichloromethane, an increase in the association constant between hexafluoroisopropanol and anthraquinone by more than one order of magnitude following quinone reduction points to a significant strengthening of the hydrogen bonds between the hydroxyl group of hexafluoroisopropanol and the anthraquinone carbonyl functions. The photoinduced intramolecular long-range electron transfer process thus appears to be followed by proton motion, hence the overall photoinduced reaction may be considered a variant of stepwise proton-coupled electron transfer (PCET) in which substantial proton density (rather than a full proton) is transferred after the electron transfer has occurred.
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INTRODUCTION
Benzoquinones are textbook examples of organic molecules with strongly pH dependent redox behavior. In bacterial photosynthesis quinone units play a pivotal role as electron acceptors, and in the specific cases of the secondary electron acceptor QB and plastoquinone (PQ) the reduction process is accompanied by protonation. [1] [2] Both of these electron acceptors are hosted in protein sites in which hydrogen bond donors are present: A serine amino acid residue can form a hydrogen bond to QB, while in the case of PQ amino acid residues from a serine and a histidine unit as well as the backbone amide of a phenylalanine unit can act as hydrogen bond donors. [2] [3] There have been numerous investigations of photoinduced electron transfer in artificial porphyrin-benzoquinone dyads mimicking the function of the P680 primary donor and the QA primary acceptor in biological systems, [4] [5] but the influence of hydrogen bond donors on the thermodynamics and kinetics of quinone reduction has received comparatively little attention in such studies. [6] [7] [8] [9] [10] [11] 12 The present work provides more insight into the effects of hydrogen bonding on quinone reduction via long-range electron transfer from distant photoreductants.
Due to its favorable photophysical and electrochemical properties, the Ru(bpy)3 2+ (bpy = 2,2'-bipyridine) complex represents a popular alternative to porphyrin electron donors. 5, 13 When combined with anthraquinone as an electron acceptor, a comparatively small driving-force for photoinduced electron transfer can be expected. [14] [15] [16] [17] [18] [19] [20] [21] We hoped that this fact would render the effect of hydrogen bond formation between solvent molecules (or solvent additives) and the anthraquinone moiety particularly spectacular and easy to observe. As bridging units between the two redox partners we chose p-xylenes because they permit the construction of soluble rigid rod-like donor-bridge-acceptor molecules in which fixed-distance electron transfer can be investigated easily. Thus, we prepared a series of three molecules comprised of a Ru(bpy)3 2+ electron donor (Ru) and a 9,10-anthraquinone (AQ) moiety linked by one up to three p-xylene (xy) spacers (Scheme 1).
Scheme 1. The three dyads investigated in this work.
Prior work by Gupta and Linschitz provided significant insight into the effects of hydrogen bonding and protonation on the electrochemical behavior of quinones in aprotic solvents. 22 On this basis, our initial investigations (reported in the first two thirds of this paper) focused on the effect of adding increasing amounts of the strong hydrogen-bond donor hexafluoroisopropanol to dichloromethane solutions of our Ru-xyn-AQ molecules. Because of the special role played by water in biological systems, the present study was extended later to acetonitrile/water solvent mixtures. Evidence for the influence of water as a hydrogen-bond donor to anthraquinone is discussed in the last third of this article.
RESULTS AND DISCUSSION
Synthesis. Preparation of the molecules from Scheme 1 is based on a previously reported synthetic strategy involving C-C couplings which are accomplished by Suzuki-and Stille-type reactions. [23] [24] [25] The most tricky part of the preparative work is the purification of the anthraquinone-(p-xylene)n-bipyridine ligands by column chromatography. Detailed synthetic protocols and product characterization data are given in the Supporting Information. . The four spectra are normalized to an intensity of 1 (in arbitrary untis) for the Ru(bpy)3 2+ reference complex; the data is corrected for differences in absorbance (which was typically between 0.1 and 0.3) at the excitation wavelength.
Photophysical and electrochemical behavior of the Ru-xyn-AQ molecules in pure dichloromethane. Figure 1a shows optical absorption spectra of the Ru-xyn-AQ molecules (n = 1 -3) and the Ru(bpy)3 2+ reference complex in dichloromethane solution. The two most prominent absorption bands in all four systems are the metal-to-ligand charge transfer (MLCT) band of the Ru(bpy)3 2+ unit centered around 450 nm and the bpy-localized * absorption at 290 nm. 26 The UV-Vis spectra of the three donor-bridge-acceptor molecules are nearly identical to each other, there are only minor differences at wavelengths shorter than 265 nm between them. Already in prior investigations we have found that oligo-p-xylene bridges yield optical absorption spectra which are substantially less dependent on the length of the molecular bridge than those of dyads with unsubstituted oligo-p-phenylene or fluorene bridges, 27-31 a fact that is probably due to a somewhat less significant increase of the overall -conjugation with increasing bridge length in oligo-p-xylenes. Figure 1b shows the steady-state luminescence spectra of the Ru-xyn-AQ series (n = 1 -3) and of Ru(bpy)3 2+ in dichloromethane solution (298 K) measured after excitation at 450 nm. The shapes of the four luminescence spectra are essentially identical and are attributed to emission from the lowest 3 MLCT excited state of the Ru(bpy)3 2+ unit in all four cases. The key observation in Figure 1b is that there is no sign of 3 MLCT excited-state quenching by anthraquinone in the Ru-xyn-AQ dyads in dichloromethane. On the contrary, the emission intensities of the dyads in Figure 1b are even somewhat higher in the dyads than in the reference complex, suggesting that substitution of one of the three bpy ligands with the xylene-anthraquinone units leads to a small increase of the luminescence quantum yield of the ruthenium(II) complex. As will be seen below, this interpretation is consistent with the observation of somewhat slower luminescence decays in the dyads compared to the Ru(bpy)3 2+ reference complex (at least in pure CH2Cl2).
The cyclic voltammetry data in Figure 2 is useful to understand why there is no sign for Ru(bpy) for anthraquinone reduction and ruthenium oxidation, respectively, while E00 is the energy of the photoactive 3 MLCT state of the Ru(bpy)3 2+ complex (2.12 eV) 26 . 0 is the vacuum permittivity, r the average radius of the two involved redox partners (assumed to be 4.5 Å), s the dielectric constant of the solvent in which the electrochemical potentials were determined (CH2Cl2; 8.93), 35 and r is the dielectric constant of the solvent used for the spectroscopic measurements (CH2Cl2; 8.93). 36 Based on molecular models, the center-to-center donor-acceptor distance (RDA) in the Ru-xy1-AQ molecule is 13.3 Å.
Thus, using equation 1 we estimate that Ru(bpy)3 2+ -to-AQ electron transfer is endergonic by 0.09 eV in the Ru-xy1-AQ molecule in dichloromethane (5 th column of Table 1 ), and this may explain the absence of 3 MLCT luminescence quenching in this molecule compared to free Ru(bpy)3 2+ complex ( Figure 1b ):
It appears that because of its endergonic nature, the photoinduced electron transfer event is not kinetically competitive with other (radiative and nonradiative) 3 MLCT relaxation processes.
Qualitatively analogous conclusions can be drawn for the longer dyads with n = 2 or n = 3, but as long as experimental data obtained from dichloromethane solutions is concerned, it is useful to restrict the discussion to the Ru-xy1-AQ molecule.
Hydrogen-bonding between hexafluoroisopropanol and AQ in dichloromethane. As mentioned in the Introduction, Gupta and Linschitz already performed an in-depth study of the effect of hydrogen bonds on the electrochemical behavior of various benzoquinone derivatives, but AQ was not considered in their study. 22 Hexafluoroisopropanol (HFIP; more precisely: 1,1,1,3,3,3-hexafluoro-2-propanol) is known to be a very strong hydrogen-bond donor, 37 but it is not particularly acidic neither in water (pKa = 9.3) nor in DMSO (pKa is 17.9). 22 Gupta and Linschitz found that upon addition of HFIP to CH2Cl2 solutions of 2,5-dichloro-1,4-benzoquinone or duroquinone the electrochemical potentials for reduction of these two molecules shifted positively, and they attributed this effect to the presence of hydrogen bonds between the hydroxyl group of HFIP and the carbonyl functions of the quinones. 22 Based on this prior work, we anticipated that HFIP would also be able to shift positively the potential for one-electron reduction of AQ through hydrogen-bond donation, and we aimed to explore how strongly this would affect the kinetics of intramolecular Ru(bpy)3 2+ -to-AQ electron transfer in our dyads in CH2Cl2 solution. In a first step, we searched for experimental evidence for hydrogen bonding between HFIP and charge-neutral AQ. One piece of evidence comes from optical absorption spectroscopy. Figure 3 shows the spectral changes observed in the UV-Vis spectrum of a 10 -4 M solution of free 9,10-anthraquinone in CH2Cl2 following addition of increasing amounts of HFIP. In pure CH2Cl2 there is an absorption band maximum at 327 nm which shifts to 332 nm at an HFIP concentration of 0.5 M, whereas the band maximum at 273 nm shifts to 275 nm while at the same time losing intensity. There are well-defined isosbestic points at 277 nm and 292 nm, signaling the presence of only two spectroscopically slightly distinct species. The outcome of the overall HFIP titration in Figure 3 is reminiscent of the spectral changes associated with the addition of 2,4,6-trimethylpyridine to phenol solutions in CCl4, which were interpreted in terms of hydrogen bonds occurring between the phenol molecules and the pyridine base. 38 Thus it appears plausible to assign the two species observed in the course of the UV-Vis titration of CH2Cl2 at 1678 cm -1 (black trace). [43] [44] When adding HFIP to the solution, this signal gets weaker and is shifted to lower energies (red trace). Technical difficulties made accurate determination of the HFIP concentration difficult, but we estimate that the final concentration was near 0.1 M. At this point the CO stretch has shifted by -4 cm -1 . Even though this shift is very small, we are positive that it is not an instrumental artifact. Changes in dielectric constant may cause shifts of IR frequencies, but in our specific case relatively small amounts of HFIP (0.1 M; s = 16.6) 35 were added. Consequently, it appears possible that the small shift in the CO stretch upon HFIP addition is indeed due to hydrogen bonding.
For reference, the CO stretch of ethyl acetate in cyclohexane shifts by -13 cm -1 upon addition of 20% of aniline as a hydrogen-bond donor. 45 The AQ concentration in our experiment was near 1 M, and hence the observation of a 4-cm -1 shift is quite remarkable and may even suggest that the interaction between HFIP and AQ is stronger than what we have concluded based on the UV-Vis data from Figure 3 .
However, technical limitations precluded estimation of an association constant from solution IR experiments, and we note that our Keq (AQ) value determined from optical absorption spectroscopy is in line with hydrogen-bonding equilibrium constants determined in prior studies of comparable systems.
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Hydrogen-bonding between hexafluoroisopropanol and AQ •-monoanion in dichloromethane. Transient absorption spectroscopy has the potential to provide unambiguous evidence for electron transfer photoproducts, and hence we attempted to detect AQ •- 54 In the absence of direct evidence for electron transfer photoproducts, the observation of luminescence quenching must be interpreted with care. In principle, the 3 MLCT excitedstate of Ru(bpy)3 2+ could also be quenched by triplet-triplet energy transfer to any of the attached molecular components. However, free anthraquinone has its lowest triplet excited state at 2.69 eV, 55 while the 3 MLCT state of Ru(bpy)3 2+ is at 2.12 eV. 26 Thus, Ru(bpy)3 2+ -to-AQ triplet-triplet energy transfer is estimated to be endergonic by more than 0.5 eV, and consequently this becomes a very unlikely excited-state quenching mechanism. Moreover, if populated, the lowest triplet excited state of the AQ unit should be rather easily detectable by transient absorption spectroscopy because one would expect it to have a lifetime well beyond 100 ns -similar to the lowest triplet excited states of anthracene or pyrene which can be populated by triplet-triplet energy transfer from Ru(bpy)3 2+ units. [56] [57] [58] [59] [60] Given the unfavorable thermodynamics and the absence of long-lived transient absorption features after Ru(bpy)3 2+ excitation, triplet-triplet energy transfer is ruled out as an efficient quenching source.
However, when relying exclusively on luminescence decay data for determining the effect of HFIP Table 2 . 0 is the luminescence lifetime in absence of HFIP,  the lifetime in presence of variable concentrations of HFIP. Excitation was at 450 nm, detection at 610 nm in all cases.
Analogous luminescence lifetime measurements were performed with the Ru-xy2-AQ and Ru-xy3-AQ molecules (for raw data analogous to those of Figure 7 see Supporting Information), but in both samples the effect of HFIP is virtually the same as that in the case of the Ru(bpy)3 2+ reference complex: Figure   8b plots the luminescence lifetimes of the two longer dyads in deoxygenated CH2Cl2 as a function of HFIP concentration (blue and green traces), and in both cases the behavior is similar to that of Ru(bpy)3 2+ (black trace in Figure 8a ).
Thus, photoinduced intramolecular electron transfer appears to be inefficient in the longer dyads.
Electron transfer rates were found to drop off by factors of 1 -1.4 per 1-Å distance increase in oligo-pxylene bridged donor-acceptor systems ( = 0.52 Å -1 -0.77 Å -1 ), 27, [62] [63] hence electron transfer in the longer dyads is expected to be slower by factors of 4 -6 (Ru-xy2-AQ) and 9 -12 (Ru-xy3-AQ) compared to Ru-xy1-AQ. Apparently, this is sufficient to make photoinduced electron transfer uncompetitive with other 3 MLCT deactivation processes. proton-electron transfer (CPET), [66] [67] with the important difference that some finite proton density rather than a full proton is transferred between HFIP and AQ. In the field of proton-coupled electron transfer (PCET) it is common to distinguish CPET events from stepwise electron transfer, proton transfer processes by exploring H/D kinetic isotope effects (KIEs). [66] [67] [68] [69] [70] A KIE ≥ 2 is commonly considered indicative of CPET, although the magnitude of a KIE depends on many parameters and is very difficult to predict. [71] [72] In an attempt to shed some light on the reaction pathway of our Ru-xy1-AQ system, we measured the 3 MLCT luminescence decays of this species in presence of deuterated HFIP. The results of these measurements are shown in Figure 7d and are found to differ in no significant way from the results obtained with ordinary HFIP (Figure 7c) . Likewise, the luminescence of the isolated Ru(bpy)3 2+ complex is virtually unaffected by deuteration of HFIP (Figure 7b ). The insensitivity of the Ru-xy1-AQ luminescence kinetics to HFIP deuteration suggests than the ratedetermining excited-state quenching step is insensitive to proton motion, hence reaction along the upper right corner of Scheme 3 appears more plausible than a concerted process along the diagonal. A stepwise electron transfer, hydrogen-bond rearrangement reaction sequence does also make sense in view of the comparatively large concentrations of HFIP which are necessary to induce noticeable excited-state quenching.
A final technical point in this section concerns the minor deviations from strictly single exponential luminescence decay behavior in some of the data of Figure 7 .
Photoinduced electron transfer in the Ru-xyn-AQ molecules in acetonitrile-water mixtures.
Water is known to be a good hydrogen-bond donor to benzoquinone mono-and dianions, [73] [74] and therefore we decided to explore the influence of water on the intramolecular electron transfer kinetics in the Ru-xyn-AQ molecules. For solubility reasons it is necessary to work with acetonitrile-water mixtures rather than pure water. As seen from Figure 9b , already in pure CH3CN the 3 MLCT luminescence of Ruxy1-AQ decays significantly more rapidly (green trace) than in pure CH2Cl2 (black trace), while in isolated Ru(bpy)3 2+ (Figure 9a ) the luminescence kinetics in these two solvents are much more similar to each other. This observation suggests that intramolecular electron transfer in Ru-xy1-AQ is more efficient in the more polar CH3CN solvent than in CH2Cl2, and this interpretation is supported by cyclic voltammetry: Figure 2 shows that AQ is reduced more easily in CH3CN than in CH2Cl2 while Ru(II) is oxidized more readily. Consequently, based on equation 1 there is about 0.06 eV more driving force for photoinduced intramolecular electron transfer in CH3CN than in CH2Cl2 (5 th and 6 th column of Table 1 ). The solvents were as indicated by the legend in panel (a); a consistent color code was used throughout all four panels. Excitation occurred at 450 nm with 10-ns laser pulses (using the Edinburgh Instruments apparatus) in all cases except for the Ru-xy1-AQ decay in CH3CN-H2O (red trace in panel (b)). For this specific decay, the Fluorolog322 instrument with TCSPC option and a Nanoled excitation source (407 nm) was used. The initial intensity measured immediately after the excitation pulse was normalized to 1 (in arbitrary units) in all cases.
All three Ru-xyn-AQ dyads exhibit similar redox potentials (Table 1 and CV data in the Supporting Information), and consequently the driving-force for intramolecular electron transfer (GET) is similar in all three cases. However, the 3 MLCT decays of the longer dyads Ru-xy2-AQ (Figure 9c ) and Ru-xy3-AQ (Figure 9d ) are similar in CH3CN (green traces) and CH2Cl2 (black traces), indicating that intramolecular electron transfer in the two longer dyads is uncompetitive with other excited-state deactivation processes even in the more polar CH3CN solvent. Fig. 10 . The slower decay component is on the order of 900 ns in all cases and is attributed to traces of comparatively strongly emissive Ru(bpy)3 2+ impurities (complexes without attached AQ quencher). Excitation wavelengths were 407 nm for lifetimes shorter than 15 ns (Fluorolog322 instrument), and 450 nm for lifetimes longer than 15 ns (Edinburgh Instruments apparatus). Indicated pH values reflect the pH value of the water used for preparing the 1:1 CH3CN/H2O mixtures.
For the solvent change from pure acetonitrile to 1:1 (v:v) CH3CN-H2O mixtures, equation 1 predicts another slight increase in driving-force for intramolecular Ru-to-AQ electron transfer (last column in Table 1 ) caused by the associated increase of the dielectric constant from 35.94 to 55.7. 32, 35 Although this increase in GET is weaker than that associated with the change from CH2Cl2 to CH3CN, the luminescence decays of the dyads (but not those of the reference complex) are much more sensitive to the change from pure acetonitrile to the CH3CN-H2O mixture: In Ru-xy1-AQ (Figure 9b ) the luminescence decays almost two orders of magnitude more rapidly in CH3CN-H2O (red trace) than in pure CH3CN (green trace): As seen from Table 3 photoproducts, hence the luminescence quenching data must remain our only piece of (indirect) evidence for photoinduced electron transfer. In situations in which the temporal build-up of photoproducts cannot be monitored directly, it is common to estimate electron (or energy) transfer rate constants from equation 6. [75] [76] kET = dyad -1 -ref -1 (eq. 6)
Using as dyad values the Ru-xyn-AQ lifetimes from Table 3 and as ref values the Ru(bpy)3 2+ lifetime under identical conditions, one obtains the electron transfer rate constants (kET) given in Table 4 . In pure The large increase in kET of Ru-xy1-AQ between pure CH3CN and CH3CN-H2O cannot be reconciled in a reasonable manner with the very small driving-force increase predicted by equation 1 (Table 1) . Due to solubility issues we have been unable to determine the redox potentials of the ruthenium and AQ components of our dyads in aqueous solution or in CH3CN-H2O, hence cannot exclude the possibility that by basing our GET estimates on potentials determined in acetonitrile, we are actually underestimating the driving-force for intramolecular electron transfer in the CH3CN-H2O solvent mixture. It appears plausible that the reduction of AQ is facilitated by hydrogen-bond donation from water and that this effect causes the large increase in intramolecular electron transfer rates in Ru-xy1-AQ
and Ru-xy2-AQ. Ru-xy3-AQ < 10 5 < 10 5
The conjugate acid of anthraquinone has pKa = -8.2 in H2O, 77 hence the AQ component in the Ru-xyn-AQ molecules cannot be protonated by water (pKa = 15.7) or H3O + (pKa = -1.7). However, the conjugate acid of anthraquinone monoanion has pKa = 5.3 in aqueous solution, 46 and hence it appears plausible 27 that once AQ -is formed, it is protonated by H3O + . In order to elucidate whether this has any influence on the rate-determining excited-state deactivation step, we measured the luminescence lifetimes of the Ruxyn-AQ dyads and the Ru(bpy)3 2+ reference complex in CH3CN-H2O mixtures with apparent pH values of 7 and 2. 78 As seen from Figure 10 and Table 3 , the increase in H3O + concentration by five orders of magnitude has no effect on the 3 MLCT lifetime, and we conclude that proton transfer, if occurring at all, has no influence on the rate-determining electron transfer step. Thus, if an overall PCET process occurs, it is likely to occur through a sequence of electron transfer and proton transfer steps rather than concerted proton-electron transfer (CPET). The absence of a kinetic isotope effect (derived from comparison of lifetime measurements in CH3CN:H2O and CH3CN:D2O both at pH 7 and pH 2, Figure   10 and Table 3 ) is consistent with this interpretation. Thus, in presence of hydrogen-bond donors some of our Ru-xyn-AQ dyads exhibit a variant of PCET:
Hydrogen bonds are strengthened upon intramolecular electron transfer, implying that some finite proton density (rather than a full proton as in true PCET) is shifted from the hydrogen-bond donors towards the AQ electron acceptor. The experimental evidence suggests that in the specific case of our anthraquinone electron/proton acceptors the overall process takes place in consecutive electron transfer, hydrogenbonding re-equilibration steps. This is similar to the redox chemistry of the quinone at the end of the electron transfer cascade in photosynthetic reaction centers of bacteria, where the first reduction step is a pure electron transfer reaction that is conformationally gated, and only subsequently there is fast proton transfer re-equilibration coupled to reduction by a second equivalent. 79 
EXPERIMENTAL SECTION
Commercially available chemicals were used as received without further purification. Where necessary, reactions were carried out under nitrogen using solvents which were dried by routine methods. Polygram SIL G/UV254 plates from Machery-Nagel were used for thin-layer chromatography.
For preparative column chromatography, Silica Gel 60 from the same company was employed. 1 H and 13 C NMR spectroscopy was performed with a Bruker Avance DRX 300 or a Bruker B-ACS-120 spectrometer, using the deuterated solvent as the lock and residual solvent as an internal reference.
Electron ionization mass spectrometry (EI-MS) was made with a Finnigan MAT8200 instrument, elemental analysis occurred on a Vario EL III CHNS analyzer from Elementar. Cyclic voltammetry was performed using a Versastat3-100 potentiostat from Princeton Applied Research equipped with a glassy carbon working electrode and a silver counter electrode. A silver wire also served as a quasi-reference electrode. Ferrocene (Fc) was used as an internal reference. Prior to voltage scans at rates of 100 mV/s, 
